Two hundred thirteen cytochrome P450 (P450) genes were collected from bacteria and expressed based on an Escherichia coli expression system to test their hydroxylation ability to testosterone. Twenty-four P450s stereoselectively monohydroxylated testosterone at the 2-, 2-, 6-, 7-, 11-, 12-, 15-, 16-, and 17-positions (17-hydroxylation yields 17-ketoproduct). The hydroxylation site usage of the P450s is not the same as that of human P450s, while the 2-, 2-, 6-, 11-, 15-, 16-, and 17-hydroxylation are reactions common to both human and bacterial P450s. Most of the testosterone hydroxylation catalyzed by bacterial P450s is on the face.
Cytochromes P450 (P450s) are a superfamily of hemoproteins involved in the oxidative metabolism of various physiologic and xenobiotic compounds in eukaryotes and prokaryotes. P450s have been of interest in their roles in steroid metabolism. Testosterone hydroxylation in particular has been studied extensively with human liver microsomal P450s. For example, CYP3A4, the most abundant P450 in human liver and small intestine, catalyzes the monohydroxylation of 10 different positions of testosterone. 1) Hence testosterone hydroxylation patterns have been utilized as probes for the presence and characterization of P450s. 2, 3) Hydroxylation of testosterone at the 1-, 2-, 2-, 6-, 6-, 7-, 7-, 15-, 15-, 16-, 16-, and 17-positions (17-hydroxylation yields 4-androstene-3, 17-dione) has been reported in human and rat liver microsomes (Fig. 1 ). [4] [5] [6] [7] [8] [9] [10] Microbial conversion of testosterone has also been studied, aiming for regio-and stereoselective hydroxylation of steroid, because microbial conversion of steroid precursors is widely used in large-scale synthesis of steroid drugs. [11] [12] [13] [14] Hydroxylation of testosterone has been carried out with whole cells or ruptured cells, which usually contain several P450s. Hence it has been difficult to characterize P450s individually. Further, that most P450s are inducible enzymes has made it more so. The hydroxylation, when catalyzed by individual P450s, is markedly regioselective. Despite the potential importance of P450s in bioconversion, little is known about the P450s involved and the corresponding genes. Characterization of P450s is also a prerequisite to strain improvement by genetic engineering.
We developed a useful bacterial P450-expression system with Escherichia coli that harbors a plasmid carrying a P450 gene with its redox partner genes. 15) Since E. coli has no P450 gene in its genome, the organism is a suitable host for characterization of P450s. We collected 213 bacterial P450 genes and constructed a P450 library. About 70% of the library originates in actinomycetes. It contains the complete P450 complement (CYPome) of Streptomyces coelicolor A3(2), Bacillus subtilis 168, Bradyrhizobium japonicum USDA110, Nostoc sp. PCC 7120, and Nocardia farcinica IFM 10152. We have been examining the hydroxylation of various compounds using this P450-expression system to explore their ability to catalyze useful oxidative conversions. Here we report the hydroxylation of testosterone by bacterial P450s. Profiling this hydroxylation should provide useful information for characterizing bacterial P450s as monogenic traits and for comparing bacterial P450s with human P450s.
E. coli BL21(DE3) was transformed with expression vector pET11a (Novagen, San Diego, CA) carrying a P450 gene and camAB (putidaredoxin reductase gene and putidaredoxin gene from Pseudomonas putida ATCC17453 16) ). For expression of P450, 25 ml of M9mix-ampicillin medium (6.78 g/l Na 2 HPO 4 , 3 g/l KH 2 PO 4 , 0.5 g/l NaCl, 1 g/l NH 4 Cl, 1% casamino acid, 0.4% D-glucose, 0.1 mM CaCl 2 , 1 mM MgCl 2 , 0.1 mM FeSO 4 , 20 mg/ml thymine, and 50 mg/ml ampicillin) was inoculated with 500 ml of the overnight culture in the same medium and shaken at 37 C. When the optical density at 600 nm reached 0.7-0.8, isopropyl-thio--Dgalactopyranoside (IPTG) was added to 0.1 mM and y To whom correspondence should be addressed. Tel: +81-538-21-1134; Fax: +81-538-21-1135; E-mail: agematsu-h@mercian.co.jp or arisawa-a@mercian.co.jp
Biosci. Biotechnol. Biochem., 70 (1), [307] [308] [309] [310] [311] 2006 Communication the cells were grown for a further 20 h at 22 C. The cells were collected by centrifugation (6;000 Â g) for 10 min at 4 C, and resuspended in 5 ml of CV2 buffer (2% glycerol, 50 mg/ml ampicillin, 0.1 mM IPTG, and 50 mM phosphate buffer, pH 7.4). Testosterone dissolved in 20 ml of DMSO was added to a final concentration of 100 mM to 1.5 ml of the cell suspension. After incubation at 28 C on a shaker for 24 h, the products were extracted with 1.5 ml of ethyl acetate. The organic extract was evaporated under vacuum to dryness. The residue was reconstituted with 200 ml of methanol in preparation for HPLC analysis.
The expression of P450s in E. coli was also confirmed by their spectral characterization. The UV-visible absorption spectrum of the supernatant of ruptured cells contained the characteristic 390-450 nm P450s peak with a maximum at 420 nm. Reduction with sodium dithionite and exposure to CO gave the distinctive CO complex spectrum characteristic of P450s with a maximum at 450 nm. This characterization was observed in 85% of the bacterial P450s.
HPLC analysis was performed with an Agilent 1100 HPLC system (Agilent Technologies, Palo Alto, CA) with a diode array ultraviolet detector set at 240 nm, fitted with a J'sphere ODS-H80 column (75 Â 4:6 mm i.d., YMC, Tokyo). Each sample (10 ml) was chromatographed with an acetonitrile concentration linear-gradient in water from 10% (v/v) to 50% (v/v) for 7 min at a flow rate of 1.5 ml/min at 40 C. Hydroxytestosterone standards, 2-, 2-, 6-, 6-, and 11-hydroxytestosterone and 4-androstene-3, 17-dione, were purchased from Sigma-Aldrich (St. Louis, MO).
A large-scale microbial conversion was carried out as follows: One liter of culture broth of E. coli expressing a P450 gene and camAB was prepared as described above. The cells were collected by centrifugation (6;000 Â g) for 10 min at 4 C, and resuspended with 100 ml of CV2 buffer. Testosterone dissolved in 1 ml of DMSO was added to the cell suspension to a final concentration of 100 mM. After incubation at 28 C for 24 h, the products were extracted with 100 ml of ethyl acetate. The organic extract was evaporated under vacuum to dryness. The residue was reconstituted with 5 ml of 50% methanol. The residue was purified by preparative HPLC on an Inertsil PREP-ODS column (250 Â 20 mm i.d.; GL Sciences, Tokyo) at 240 nm and 40 C with MeOH/ water (50:50 [v/v]) as the mobile phase at a flow rate of 7.0 ml/min. A fraction containing a product was evaporated under vacuum to give a product as a white powder.
Of the 213 P450s examined, 24 P450s oxidized testosterone to produce monohydroxytestosterones ( Table 1 ). The chromatogram showed some UV-absorbing peaks eluting at shorter retention times than that of the substrate testosterone. The HPLC retention times of some products were identical with those of the corresponding standards, but the four peaks eluted at 4.26, 4.49, 5.08, and 5.50 min did not correspond to any of the available standards. These unknown products were prepared by large-scale microbial conversions using recombinant E. coli, and were identified as 7-, 15-, 16-, and 12-hydroxytestosterone by NMR spectroscopy. Testosterone was stereoselectively monohydroxylated at the 2-, 2-, 6-, 7-, 11-, 12-, 15-, 16 bium aromaticivorans hydroxylated testosterone at the 2-, 6-, 11-, 12-, 15-, and 17-positions ( Fig. 2A) .
The peak eluted at 3.95 min was an unknown product further converted from 4-androstene-3, 17-dione (data not shown). BP180 expressing CYP110D1 from Nostoc sp. hydroxylated mainly at the 15 position (Fig. 2B) . NF26 expressing CYP154-like P450 from Nocardia farcinica 17) hydroxylated only at the 16 position (Fig. 2C) . The strain also hydroxylated progesterone only at the 16 position (data not shown). The conversion rate (amount of a derivative produced/ amount of testosterone added) of hydroxylation catalyzed by BP180 or NF26 was more than 95%. There are two major views on the function of P450s: (i) the enzymes have critical and specific roles in the metabolism of endogeneous chemicals (e.g., P450s involved in steroid anabolism), and (ii) the enzymes transform natural products and chemicals such as drugs and other xenobiotics in a relatively non-selective manner to a variety of oxidation products. According to this view, CYP110D1 and a P450 (CYP154) expressed in NF26 are the former, and CYP219A1 the latter. It would be worthwhile to indicate the presence of bacterial P450(s) like CYP219A1 capable of multi-site hydroxylation of testosterone.
CYP242A1 (ORF10) expressed in AP38 is one of two P450s, ORF10 and ORF13, containing a gene cluster for terpentecin biosynthesis in Kitasatospora griseola MF730-N6. 18) Terpentecin, a diterpenoid antibiotic, has been reported to be synthesized from a geranylgeranyl diphosphate after successive cyclization, hydroxylation, and epoxidation. 19) Although the role of ORF10 in terpentecin biosynthesis is not clear, the 6-hydroxylation of testosterone by AP38 and the structural similarity between testosterone and terpentecin suggest that the original function of ORF10 is to catalyze 6-oxidation and/or 7-hydroxylation in terpentecin biosynthesis. AP41 has mycG encoding CYP107E1, which is reported to participate in both hydroxylation and epoxidation in mycinamicin II biosynthesis. 20) Despite the structural difference between testosterone and Mycinamicin II, AP41 hydroxylated testosterone only 
a CYP systematic code is deduced based on amino acid sequence identity to systematically determined P450s. b H, Conversion rate more than 10%; M, between 10% to 5%; L, less than 5%. c Sequence data will be available shortly at NITE web site (http://www.bio.nite.go.jp/dogan/Top).
in the 6 position. AP51 expresses an OleP protein (CYP107D1) homolog. Although a definitive proof of its role is obscure, the P450 encoded by the oleP gene in Streptomyces antibioticus might be responsible for the epoxidation of C-8 of oleandomycin. 21) AP51 hydroxylated testosterone at the 6-, 7-, 12-, and 15-positions, indicating that OleP would be a multi-functional P450. Our result that BP113 expressing P450meg catalyzed the 15-hydroxylation of testosterone is reasonably supported by a previous report that P450meg hydroxylated corticosteroids at the 15-position.
22)
The hydroxylation site usage of bacterial P450s is not the same as that of human P450s. The bacterial P450s catalyzed the 2-, 2-, 6-, 11-, 15-, 16-, and 17-hydroxylation of testosterone like human P450s do, but the 7-and 12-hydroxylation were found only in the bacterial P450s. Most of the testosterone hydroxylation catalyzed by the P450 library was on the face. Bacterial P450s are 60 to 100 amino acids shorter than their eukaryotic counterparts. They lack the N-terminal hydrophobic portion that causes most eukaryotic P450s to be membrane-bound, and thus they are watersoluble.
23) Therefore, they should be more amenable to functional expression in foreign hosts because spatial hindrance due to differences in membrane environment are less likely to occur. All existing P450 genes are considered to originate from the same origin, 24) and the tertiary structures of eukaryotic P450s have been found to be essentially the same as those of soluble bacterial P450s by X-ray crystal analysis. Therefore, it is reasonable that bacterial P450s catalyze the same oxidation in the same manner as human P450s. For instance, we showed previously that the hydroxylation patterns of cyclosporin A by actinomycetes are similar to those observed for human. 25) Finally, we briefly describe the identification of 7-, 12-, 15-, and 16-hydroxytestosterone based on analysis of NMR spectroscopy, including COSY, HMQC, and HMBC. The NMR spectra were measured in CDCl 3 (for 7, 12, and 15-hydroxytestosterone) or MeOD (for 16-hydroxytestosterone) with a Bruker AVANCE 500 spectrometer using TMS as an internal reference.
7-Hydroxytestosterone. In the HMBC spectrum, H-17 ( H 3.64, C 81.2) was determined by long-range correlation with 18-CH 3 ( H 0.82, C 11.1), so the other oxygenated methine signal ( H 3.46, C 75.0) was assignable as a newly hydroxylated one. 18-CH 3 also showed correlation with C-14 ( H 1.17, C 75.0) and C-9 ( H 0.94, C 50.8), showing the rest of the protonattached methines to be C-8 ( H 1.63, C 43.2). The new hydroxylated methine proton showed a 1 H-1 H correlation with both H-6 (assigned from allylic coupling with H-4 at 5.77) and H-8, showing the hydroxylated position was C-7. The OH group was determined to be -orientation from the NOESY correlations observed between H-7 and H-14, and H-7 and H-9.
12-Hydroxytestosterone. A new oxygenated methine signal ( H 3.54, C 79.1) was observed. In the HMBC spectrum, this signal was long-range correlated to 18-CH 3 ( H 0.86, C 6.0), and indirectly to 19-CH 3 ( H 1.21, C 17.3) through the 1 H-1 H sequence of H-12, H-11, and H-9, suggesting that the hydroxyl group was attached to C-12. The latter correlation was also helpful to distinguish the new oxygenated carbon from originally oxygenated C-17 ( H 3.90, C 81.9). The narrowwide double-doublet shape of H-12 indicated that this proton was axial. In other words, the orientation of the hydroxyl group was face.
15-Hydroxytestosterone. In the COSY spectrum, mid-field CHOH ( H 4.22) was correlated to H-17 ( H 4.22) through H-16 ( H 1.63, 2.64), indicating hydroxylation at C-15. The possibility of -hydroxylation was excluded because the HPLC retention time of this product was not identical to that of authentic 15-hydroxytestosterone.
16-Hydroxytestosterone. The hydroxylated position was determined to be C-16 because the original oxygenated methine proton ( H 3.38) and the new OH- introduced methine proton ( H 4.02) showed a mutual correlation. -Orientation was decided by comparing the melting point of this product (191.5-192.5 C) to those in the literature (: 192-193 C; : 183.5-185.5 C).
